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1 Schema ofthe in-situ SSRT-MRS. 
2. Development of an in-situ SSRT-MRS system 
Raman spectroscopy is a surface analysis method by optical measurement that can be used to analyze the structure 
and composition of oxide films formed on metals in solution, Recently, a few in-situ measurement was performed using 
customized autoclaves in order to interpret the aqueous corrosion of pure metals and iron-base steel (e.g. stainless steel) 
in high temperature water. However, the intensity of Raman scattering obtained from oxide film is so weak that its 
peaks are ofien buried under background noise. In addition, there are difficulties with in-sit.u measurement of Raman 
spectroscopy, e.g. focusing on a target by watching such weak intensity of the Raman scattering requires much 
experience. 
In this work, a Micro Raman Spectroscopy (MRS) is applied to in-situ measurement in order to improve the 
sensitivity because the depth resolution is high and the large nurnerical aperture value of the objective lens widens the 
capture area of the scattered light. Figure I shows the in-situ measurement system equipped with a MRS and a Siow 
Strain Rate Tensile (SSRT) unit developed to make clear the compositional change of the oxide film during application 
of strain in high temperature water. A couple of glass fiber separates the MRS remote unit from the Raman 
spectrophotometer in order to maintain optical alignment by taking away fi:om heat source, Raman excitation and 
collection were both performed by using a x45 objective lens (180~ back scattering). In order to maintain adequate 
focusing, a small sapphire window (c 9.6 mm x I .5 mm) is used. Zircalloy screws and washers are used to fix a 
specimen with grips for electrical insulation and to hold in precise position to maintain a clearance between the window 
and specimen for focusing. Those minute designs and configurations raise the sensitivity of in-situ Raman spectroscopy. 
3. Characterization of the oxide film formed on the active deforming surfaces by in-situ SSRT-MRS 
Lately, SCC has been found in low carbon stainless steel where work-hardening was caused by welding and/or 
surface finishing. To make clear the behavior of the oxide film formed where SCC should initiate and propagate, 
cold-rolled (CR) and solution-annealed (SA) 3 1 6L SS were examined in pressurized high temperature (288 'C, 9 MPa) 
pure water with a Dissolved Oxygen (DO) concentration of 2 ppm (a simulated BWR water condition). The results of 
Raman spectroscopy and Electron Spectroscopy for Chemical Analysis (ESCA) obtained from the strained and 
unstrained regions of 3 1 6L CR after taking out fi:om autoclave are shown in Fig. 2 (a) and (b). Figure 2 (a) shows the 
Raman spectrum of the strained region with the peaks which belong to oe-Fe203 and Fe304, while the one of unstrained 
region has additional NiFe204 peaks. According to element concentration analyzed by ESCA, the increase of Fe and the 
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Fig. 2 Ex-situ Raman spectra and element concentration obtained from the unstrained and strained 
region of 316L CR specimen afier SSRT of strain rate lxl0~7 s~l 
depletion ofboth Ni and Cr are observed at the strained region as shown in Fig. 2 (b). It is thought that the ion flux of 
Fe through the oxide film is enhanced, as result, oe-Fe203 and Fe304 are formed rather than Niire204 at the strained 
region. The peaks of oe-Fe203 and Fe304 in Raman spectra during straining show difference in the material and strain 
rate. The Fe304 peak height of CR is higher than the one of SA. This is attributed to the concentration of lattice defect 
and/or disiocation caused by the work hardening resulting difference in enhancement of oxidation. On the other hantL in 
the case of CR with a slower strain rate, intenshy ofthe ce-Fe203 peak increased at the strained region. lt is thought that 
the Fe ion flux from the substrate is less so the amount of c, reated Fe304 is lower than the one of ot-Fe203 oxidized fiom 
Fe304 at the surface. According to those results, degradation of the oxide film caused by straining is attributed to the 
enrichment df Fe and the depletion of both Ni and Cr. 
4. Relevance of the oxide film to SCC 
4.1 Characterization of the oxide film formed on the fracture surface of SCC 
The characteristic oxide fihn was seen near the crack tip of SCC in compact tension (CT) specimens. In this study, 
in order to evaluate the composition of the characteristic oxide film associated with SCC in low carbon stainiess steel, 
MRS and ESCA were applied to the ffacture surface of CT specimens of 304L SS not sensitized but increased yield 
strength by work hardening. Cold-roiled (CR) 304L which has the highest yield strength had the fastest crack growih 
rate in the simulated BWR water. On the other hand, solution-armealed (SA) and warm-rolled (WR) 304L were hard]y 
seen intergranular (lG) SCC. The oxide analyses by MRS and ESCA show the oxide film forrned on the fracture surface 
of CR has a depletion of both Cr and Ni and an enrichment of Fe. It is thought that the protectiveness of the oxide film 
of CR might be lower than those of SA and WR. 
4.2 Characterization of oxide film formed on the low carbon stainless steel by in-situ SERS 
The oxide film at the crack tip is said to differ ftom the fiee surface because of the formed creviced condition 
which has less ox~gen. Therefore, it is noteworthy to elucidate the relation between the composition of the oxide film 
and DO. In this study, the coupon samples of low carbon stainless steel were immersed in high temperature water with 
various concentrations of DO and were analyzed by Surface Enhanced Raman Spectroscopy (SERS). The oxide film 
formed on the SERS sample consists of Fe304 at low DO Ievel. The peaks ofNiFe204 and ot-Fe203 become intense over 
1 5.5 ppb of DO. All of peaks become clearer with decreasing temperature during cooling down and those peak 
t 
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Frg 3 Schemas ofthe oxide film formed on the surface inside ofthe crack. 
locations shift toward high wave numbers. Those phenomena were observed in the immersion testing using the high 
purity powder reagent of NiFe204 by in-situ MRS. Namely, it is thought that the peak shift, toward high wave numbers 
during cooling down in coupon sample's Raman spectr~~ is not only due to the thermal stress but also the change in the 
molecule bonding state. Furthermore, it can be concluded the Raman spectra obtained from the fracture surface of SCC 
which shified toward low wave numbers is thought to be not caused by thermal stress but to reflect the characteristic 
composition and/or structure. 
4.3 The oxide filn] formed on the crack tip of SCC 
According to the results of ex-situ and in-situ oxide film analysis, it is thought that the distribution of the oxide 
film inside ofthe crack forms as shown in Fig. 3. In the case of the high yield strength material, the shape of a crack tip 
is sharp so the creviced condition is maintained at the crack tip. The stress concentration field at the crack tip causes the 
enhancement of ion flux and thus, Fe304 is formed because of the enrichment of Fe and the depletion of, both Cr and Ni. 
It is assumed that high susceptibility to SCC ofthe sensitized material is contributed to the low protective film consisted 
of Fe304 formed at the crack tip. On the other hand, in the case of low yield strength material, the crack tip blunts and 
crack opens wider. Thus, oxygenated bulk water dilute creviced condition and plastic deformation reduces elastic strain 
at the crack tip. Ther~fore, the protective film consisted of NiFe204 can form at the crack tip, so the crack tip can 
advances not by SCC but by the mechanical crack growth. 
It is assumed that the reason for the difference in the crack growih rate associated with the yield strength of the 
materials is the different oxide film formed at the crack tip. It is concluded that the crack growth rate of SCC is aff.ected 
not only by stress intensity factor K but also by the composition of the oxide film formed at a crack tip associated with 
straining and the loca~ chemical environment at the crack tip. SCC can occur even in the non-sensitized materiai when 
the degradation ofthe oxide film is caused by straining. 
5. Conclusions 
In this study, the composition of the oxide film associated with SCC was discussed in order to clarify the roles of the 
oxide film related to SCC of low carbon stainless steel in the BWR environments. The in-situ SSRT-MRS, ex-situ MRS 
and ESCA provided information of the oxidation kinetics on the deforming surface, which compositional change of the 
oxide film fiom NiFe._04 to Fe304 is caused by strain applied to the substrate material. This phenomenon is contributed 
by the enrichment of Fe and the depletion of both Cr and Ni. According to those oxide analyses, the mechanisms ofthe 
SCC propag'ation is proposed with special emphasis on the relation between the compositional change of the oxide film 
and the yield strength of material based on the fonnation and the protectiveness ofthe specific oxide film formed on the 
crack tip. 
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蔑 論文審査結果の要旨
 近年,環境問題や資源節約などの観点から原子力発電の重要性が高まっている.しかし,新規プラント建設には多くの
 問題があり,当初設計寿命に達しつつある既存プラントの維持延命が急務の課題となっている,しかし,既存プラントに
 おいては高経年化による構造樗料の劣化が顕在化してきており,原子カプラント機器や構造物の安全性や信頼性の維持向
 上策の確立が不可欠となっている.しかし,2000年代に入り,安全と考えられていた低炭素ステンレス鋼構造材料(304L、
 316L)の溶接部に応力腐食割れ(SCC)が相次いで発見され,本質対策が確立できていないことが明らかとなっている,
 そこで本研究は,実プラント環境(高温高圧水環境)において低炭素ステンレス鋼表面に形成される耐腐食性の高いク
 ロム(Cr)酸化物が,プラント製造時の溶接熱によ否収縮や表面加工仕上げ工程における加工硬化などに起因した残留
 応力(ひずみ)の作用で劣化する可能性に着目している.上記環境における酸化膜形成過程のIn・situ観察システムを開
 発するとともに,酸化膜質の劣化要因として高温高圧水の電気ポテンシャルと残留ひずみに着目し,Cr酸化物の劣化メ
 カニズムを解明することを目的にしており,全編5章よりなる.
 第1章は序論セあり,本研究の背景と目的を述べている,
 第2章では,本研究の骨子である実プラント環境において低炭素ステンレス鋼表面に形成される酸化膜のIn・situ観察
 システムの開発について述べている.実プラント環境において試験片に一定ひずみ速度で負荷を与えるオートクレーブ試
 験機(SSRT)と酸化膜分析が可能な顕微ラマン分光分析器(MRS)を統合し,負荷環境における酸化膜形成プロセスの
 In・situ観察を実現する世界初のIn・si七wSSR肇MRSシステムの設計と試作の詳細について述べている.さらに,試作シ
 ステムの性能評価についても述べており,100Flnのギャップで入射レーザー光ゐ焦点位置を制御することで低炭素ステ
 ンレス鋼表面に形成される酸化膜から品質の高いラマン信号が得られることを示している.これはSCC解明研究分野の
 発展において極めて重要な成果である.
 第3章では,第2章で開発したIn・si鍼観察システムを使用し,高温高圧水環境において形成される酸化膜の組成を対
 象に,膜質を変化させる要因として環境水の電気ポテンシャルと残留ひずみの影響に着目し,系統的な分析を実施してい
 る,具体的には,無負荷状態では主としてステンレスを構成するNi,Fe,Crの混合酸化物が安定に形成されるのに対し,
 低ポテンシャル環境や引張ひずみ負荷環境ではFeイオンの拡散が加速され,形成される酸化膜の組成がFe304および
 ¢Fe204が主体のFe系酸化物に変化することを定量的に明らかにしている.この負荷環境における酸化膜組成変化(劣
 化)過程は世界初の発見であり,SCCメカニズム解明研究に大いに寄与する成果である.
 第4章では,第3章における酸化膜組成の劣化メカニズム解明研究の成果に基づき,SCC破壊材料における破面元素
 分析を実施し、SCCき裂先端に諮ける酸化膜形成状態の詳細分析を実施している.その結果,微小で停留したき裂先端
 ではNi,Fe,Crの混合酸化物が形成されているのに対し,進行したき裂先端近傍ではNiとともに主としてCrが欠乏した
 Fe系酸化物が形成されていることを実証している,この酸化物組成の変化はき裂先端形状に強く依存しており,降伏応
 力の低い領域ではき裂が開目し,ポテンシャルの高い環境水が先端まで流入しているのに対し,加工硬化等で強化された
 領域では開爾変形が生じにくいため,Feイオンの溶解によるポテンシャルの低下が保たれていることを明らかにしてい
 る、以上の知見はSCC抑制に大きく寄与する重要な成果である.
 第5章は結論である.
 以上要するに本論文は,原子カプラントの主要構造材料である低炭素ステンレス鋼におけるSCCの発生と進展挙動の
 支配メカニズムの解明に有効な,高温高圧水とひずみ負荷環境において鋼表面に形成される酸化膜組成変化のIn・si糠測
 定システムの開発について述べたものである.さらに,その応用による酸化膜質劣化メカニズムの解明についても述べて
 おり,機械システムデザイン工学の発展に寄与するところが少なくない.
 よって,本論文は博士(工学)の学位論文として合格と認める・
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